The interaction of ultrathin films of Ni and Pd with W(110) has been examined using X-ray photoelectron spectroscopy (XPS) and the effects of annealing temperature and adsorbate coverage (film thickness) are investigated. The XPS data show that the atoms in a monolayer of Pd or Ni supported on W(110) are electronically perturbed with respect to the surface atoms of Pd (100) and Ni(100). The magnitude of the electronic perturbations is larger for Pd than for Ni adatoms. Our results indicate that the difference in Pd(3d,,,) XPS binding energies between a pseudomorphic monolayer of Pd on W(110) and the surface atoms of Pd(100) correlates with the variations observed for the desorption temperature of CO (i.e., the strength of the Pd-CO bond) on these surfaces. A similar correlation is seen for the Ni(2p3,a) XPS binding energies of Ni/W(llO) and Ni(100) and the CO desorption temperatures from these surfaces. The shifts in XPS binding energies and CO desorption temperatures can be explained in terms of: (1) 
Introduction
The surface chemistry of bimetallic systems has been the subject of many investigations over the last several years [l-20] . In part, the motivation of these studies is the fact that mixed-metal systems are superior over their single-metal counterparts in terms of catalytic activity and/or selectivity [21] . Work on ultrathin metal films supported on welldefined metal surfaces [l-20] has shown that a metal atom in a matrix of a dissimilar metal can be significantly perturbed, and that this perturbation can dramatically alter the chemical and electronic properties of both constituents of the mixed-metal system. In this paper we study the interaction of Ni and Pd with W(110) using X-ray photoelectron spectroscopy (XPS).
The properties of ultrathin films of Pd on W(110) have been previously investigated by means of low-energy electron diffraction (LEED) [lO,ll] , Auger electron spectroscopy (AES) [lO,ll] , temperature programmed desorption (TPD) [lO,ll] and work function measurements [lo] . LEED results indicate that at coverages up to 0.9 monolayer (ML), the Pd films grow with one-dimensional pseudomorphism on the W(110) substrate at room temperature [lO,ll] . Annealing a Pd monolayer to 850 K results in a (1 x 1) LEED pattern and a fully pseudomorphic Pd adlayer with an atomic density equal to that of W(110). AES data show layer-by-layer growth of Pd at 100 K [lo] . Layers in excess of the first monolayer are metastable, forming three-dimensional (3D) islands (cluster crystallites) at temperatures above 700 K [lo] . TPD of Pd from W(110) yields two discrete features [lO,ll] which are related to Pd desorption from the monolayer (1400-1550 K) and multilayer (1200-1350 K) states.
AES [7- 91, LEED [7- 91, TPD [7- 91, field emission microscopy [6] and work function measurements [7] have been used to examine the interaction between ultrathin films of Ni and W(110). On this surface the initial adsorption of Ni was found to be pseudomorphic up to a coverage near 1 ML [7- 91. This growth pattern leads to a Ni monolayer density on W(110) that is 23% and 12% less than the corresponding monolayer densities for Ni (ll1) and Ni(lOO), respectively. At 100 [9] and 300 K [7, 8] , Ni is adsorbed layer-by-layer on W(110). Ni films with thicknesses of up to 1.3 ML remained stable to an annealing temperature of 1200 K Ni films with coverages larger than 1.3 ML to 1200 K produced 3D islands (cluster crystallites), leaving a large portion of the pseudomorphic first monolayer exposed [7- is much less strongly bound to the Pd monolayer than on bulk Pd, and suggests that the electronic properties of the Pd surface atoms are quite different in each case. For CO adsorption on Ni/W(llO) [9] , a reduction of -50 K in the CO TPD maximum with respect to the peak maximum on Ni(lOO) and Ni(ll1) has been observed. In the present study we examine the electronic interaction of Pd and Ni films with the W(110) substrate using XPS. The effects of adsorbate coverage and surface annealing temperature on these electronic interactions are also investigated.
The CO adsorption properties of the Pd and Ni adlayers are discussed in light of our present results.
Experimental section
An ultrahigh vacuum system (base pressure 5 4 x lo-'O Torr) equipp ed with capabilities for Auger electron spectroscopy (AES), low energy electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS) and temperature programmed desorption (TPD) was used in this work.
The W(110) crystal was oriented to within +0.5 o and mounted by spotwelding to 0.20 mm Ta support leads capable of resistive heating to 1600K. The sample temperature was monitored by W-5%Re/W-26%Re thermocouples spotwelded to the edge.
The sample was cleaned by heating in 5 x lo-' Torr 0, at 1100 K for 5 min, followed by flashing to 2300 K with an electron beam heater. This was repeated until the surface was determined to have < 1% impurities by AES and XPS.
Pd and Ni metals were vapor deposited (sample temperature -350 K) by heating a 0.20 mm W filament wrapped with a 0.10 mm high purity Pd or Ni wire housed in a collimating shroud. After evaporation the sample was flashed to 475 K to desorb any accumulated CO, and no impurities were detected by AES or XPS.
In this work, absolute coverages are reported with respect to the number of W(110) surface atoms (1.43 X lOi atoms/cm2).
One adatom per W(110) surface atom corresponds to B = 1.0. The Ni and Pd coverages were determined by TPD area analysis [9, 11] .
The Pd(3d), Ni(2p) and W(4f) XPS spectra of section 3 were recorded with AlKa radiation and a pass energy of 60 eV, which gave a W(4f,,,) peak for clean W(110) with a 1.5 eV full width at half-maximum (FWHM). This tungsten FWHM can be taken as the overall instrumental resolution. The binding energies of the Pd(3d) and Ni(2p) XPS regions were determined by referencing against the W(4f,,,) peak for W(llO), which was set at a binding energy of 31.0 eV [22] . Detection was 45" off the surface normal in XPS.
Results

Pd on W(I10)
In fig. 1 representative spectra of the XPS Pd(3d) region for various Pd coverages are shown. All spectra were taken after flashing the surface to 475 K following metal overlayer deposition (sample T -350 K). Coverages were determined using TPD area analysis of the desorbing metal overlayer [ll] . The Pd(3d,,,) peak position is observed to shift from 336.15 eV for the 0. 41 The W(4f) peaks were also monitored for various Pd coverages (not shown) and no change in line shape (1.5 eV FWHM) or in separation between the W(4f,,,) and W(4f,,,) peaks was observed. Only a decrease in intensity with an increase in Pd coverage was apparent.
In fig. 2 the XPS Pd(3d,,,) binding energy as a function of Pd coverage is plotted. Coverages of less than 1.05 ML show little shift in peak position from 336.15 eV. On the other hand, for coverages greater than 1.05 ML, there is a decrease in the peak position to a value of 335.65 eV at -8 ML.
Coverages greater than 8 ML show no further change in peak position. Fig. 3 shows the effects of annealing temperature on the XPS Pd(3d) region of 4.5 ML of Pd on W(110). All spectra were taken after annealing the sample to the specified temperature for two min and cooling to 475 K. Annealing causes a reduction in the intensity of the Pd(3d) peaks and an increase in the Pd(3d,,,) peak position from 335.8 eV (475 K anneal) to 336.15 eV (1150 K anneal). The FWHM decreases from 2.2 eV for the 475 K anneal to 1.7 eV for the 1150 K anneal. An important result of the annealing is that the 336.15 eV peak position and 1.7 eV FWHM following the 1150 K anneal for 4.5 ML of Pd are identical to the corresponding values for 1 ML of unannealed Pd. No apparent change in the separation between the Pd(3d) peaks was observed during the annealing process. The W(4f) region was also monitored (not shown) during annealing with no observed change in line shape (1.5 eV FWHM) or W(4f) peak separation.
In fig. 4 the Pd(3d,,,) XPS binding energy and the Pd(3d)/W(4f) XPS peak intensity ratio are plotted as a function of annealing temperature for three Pd coverages (ePd = 1.9, 4.5 and 10 ML). Data (not shown) for annealing 1 ML of Pd to 1150 K showed no apparent changes in peak position (336.15 eV), FWHM (1.7 ev> or XPS Pd/W ratio. In fig. 4C the analogous annealing results for 1.9 ML of Pd are shown, and, in contrast to the 1 ML results, show a reduction in the XPS Pd/W ratio. There is a concomitant increase in the Pd(3d,,,) XPS binding energy from 336.00 to 336.15 eV upon annealing from 475 to 1150 K. Concurrently, the FWHM decreased from 1.9 eV for a 475 K anneal to 1.7 eV for a 1150 K anneal. In fig. 4B the results for 4.5 ML of Pd (taken from fig. 3 ) are shown. Similar to the data for 1.9 ML, a increase in peak position and a decrease in FWHM and in the XPS Pd/W ratio are observed following an anneal from 475 to 1150K. In fig. 4A the annealing results for 10 ML of Pd are displayed. In annealing to 1150 K there is an increase in peak position from 335.65 to 336.10 eV, but unlike the coverages in figs. 4B and 4C, a 10 ML Pd coverage shows a variation in the Pd(3d,,,) binding energy only after an anneal temperature of 675 K. The FWHM was found to decrease only slightly from 1.9 to 1.8 eV during these annealing experiments.
The decrease in the Pd(3d)/W(4f) XPS intensity ratio and the shift in the Pd(3d,,,) binding energy observed in fig. 4 
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upon annealing can be attributed to the formation of 3D islands (cluster crystallites) which leave a large portion of the first monolayer exposed [lO,ll] . Fig. 5 shows the effect of Ni coverage (determined by TPD area analysis [9] ) on the Ni(2p,,,) XPS spectra of ultrathin films of Ni on W(110). All spectra were taken after flashing the surface to 475 K following dosing. The Ni(2p,,,) XPS binding energy was monitored by referencing to the W(4f,,,) peak of W(110) (at 31.0 eV [22] ) and has an experimental error of +0.03 eV. For all Ni coverages the Ni(2p3J peak lies between 853.05 and 853.10 eV, whereas the FWHM does not deviate significantly from 1.9 eV. The only noticeable change in the XPS spectra is an increase in peak intensity with Ni coverage.
The W(4f) peaks were also monitored (not shown) following deposition of various Ni cover-IL7 8;s *ia l3h ai9 BINDING ENERGY, eV XPS spectrum of Ni/W(llO).
The relative peak intensities can be obtained by multipl~ng each spectrum by the corresponding scaling factor shown in the left side of the figure. The Ni was deposited at a sample temperature of -350 K. After Ni deposition the sample was heated briefly to 475 K to desorb any accumulated co.
Ni COVERAGE, ML = bulk ages. No change in line shape (1.5 eV FWHM) or in separation between the W(4f) peaks was apparent. Only a decrease in the XPS peak intensity with increased Ni coverages was observed.
The binding energy of the Ni(2p,,,) peak position is plotted as a function of Ni coverage in fig.  6 . The data suggest a small reduction in the XPS binding energy from 853.10 to 853.05 eV with increasing Ni coverage; however, the variation is very close to the experimental error. Accordingly, a straight line is drawn at 853.075 eV to fit the data for all coverages.
The effects of annealing upon the Ni(2p,,,) XPS binding energy and the Ni(2p)/W(4f) XPS intensity ratio of three different Ni films (eNi = 1.9, 3.5 and 30 ML) are shown in fig. 7 . The Ni(2p,,,) and W(4~ XPS features were monitored during annealing (not shown) with no apparent change from the unannealed features. The effects on annealing 1 ML of Ni were also examined (not shown) with no changes in peak position, FWHM on XPS Ni/W ratio up to the Ni desorption temperature. Annealing also had no effect on peak position or FWHM for higher Ni coverages (A-C). The only noticeable change during annealing is the decrease in Ni/W intensity ratio that can be attributed to the formation of 3D islands (cluster crystallites).
Discussion
We have studied the interaction of Ni and Pd ultrathin films with W(110) mo~to~ng the Ni(2p) and Pd(3d) XPS core level shifts. Previous results show a shift of 2 eV in the Ni(Zp,,,) binding energy from metallic nickel to nickel oxide (NiO) (2p,,,) binding energy of a monolayer of Ni on W(110) and that of the surface atoms of Ni(lO0).
For the case of Pd(lOO), theoretical calculations [28] suggest that the Pd (3d,,,) XPS binding energy of the surface atoms is shifted by -0.4 eV with respect to that of bulk palladium. The predicted shift is in quantitative agreement with the shifts observed expe~mentally for Ni and Pt surfaces [23, 30] . Applying the same type of analysis used above for the Ni(2p,,,) XPS data (see fig.  8 ), we obtain a difference of -0.85 eV between the Pd(3d,,,) binding energy of a monolayer of Pd on W(110) and that of the surface atoms of . I This reduction in the effective coordination of the Ni atoms will lead to an overall reduction in the electronic stability of the overlayer compound compared to the bulk metal. This, in turn, leads [32] to a reduction in the Ni(2p) XPS binding energy of the Ni monolayer supported on W(110) compared to the surface atoms of Ni(lOO) and Ni(ll1).
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BINDING ENERGY
However, it appears that for the Ni/W(llO) system, the effect of the variation in the spatial arrangement of the Ni atoms is compensated by transfer of electron density from Ni to W. The net effect is that the Ni(2p) binding energy of a Ni monolayer on W(110) is somewhat higher than the corresponding binding energy of the surface atoms in Ni(lOO).
For Pd/W(llO), a pseudomorphic monolayer of Pd atoms has a Pd-Pd nearest neighbor distance of -2.74 A [31] , very close to the value of 2.75 A observed for bulk palladium [31] . Thus, for this bimetallic system, any perturbation in the electronic properties of the Pd adatoms is primarily a consequence of Pd-W interactions. The data in fig. 8 indicate that the difference in Pd(3d,,,)
binding energy between a monolayer of Pd on W(110) and the surface atoms of Pd(lOO) is larger than the difference in Ni(2p,,,) binding energy between a monolayer of Ni on W(110) and the surface atoms of Ni(lOO). This indicates that the overlayer electronic modifications induced by adsorption on W(110) are more significant for palladium.
Two possible explanations for this observation are: (1) for the Pd/W(llO) system, the effects of the transfer of charge from the adsorbate to the substrate are not compensated by the effects of altering the adsorbate-adsorbate separation (as happens for the Ni/W(llO) system); and (2) similar metallic radii of Pd and W [31] enhance the overlap between the occupied electronic levels of the Pd monolayer and the empty electronic levels of the tungsten substrate. This overlap leads to a transfer of electron density from the Pd adsorbate to the W substrate which, in turn, leads to a higher shift in XPS binding energies for Pd.
Thermal desorption of Ni [9] and Pd [ll] from W(110) shows that the separation between the desorption temperature of the multilayer and monolayer features is larger for the Pd/W(llO) system (-230 K) than for the Ni/W(llO) system (-130 K). These data suggest that the Pd-W interaction is relatively stronger than the Ni-W interaction, consistent with the relative shifts in the XPS binding energies of fig. 8 .
In fig. 9A we compare the desorption temperature of CO from a monolayer . Thermal desorption spectra for saturation coverages of CO adsorbed on: (A) Ni(100) (from refs. [34, 35] ), Ni(ll1) (from refs. [34, 36] ) and a pseudomorphic monolayer of Ni on W(110) (from ref. [9] ); and (B) Pd(100) (from ref. [38] ), Pd(ll1) (from ref. [37] ) and a pseudomorphic monolayer of Pd on W(110) (from ref. [ll] fig. 9 and the relative shifts in the XPS binding energies displayed in fig. 8 .
According to the Blyholder mechanism [39,40] CO adsorption on transition metal surfaces involves donation of electron density from the CO 5a level into the unoccupied metal electronic levels, and a corresponding back-donation from the occupied metal electronic levels into the lowest unoccupied molecular orbitals (2~ *) of the CO molecule. In addition, there is a repulsive interaction between the metal (I charge and the electrons in the 5a orbital of CO [40, 42] . This bonding mechanism is similar to that observed for CO bonding in transition metal carbonyl complexes [41] . Recent theoretical calculations using the constrained space orbital variation (CSOV) method indicate that in a synergistic bond of this type, the T component of the bond is more important in determining the overall bond strength than is the u component [42-431. Results of inverse photoemission spectroscopy support the relative importance of P back-donation in CO chemisorption on Pd and Ru [44] . The assumption that the antibonding 2 7~ * orbitals of CO are populated upon adsorption is consistent with results of HREELS [45] and infrared reflection absorption spectroscopy [38] which show that the C-O stretching frequency and the C-O force constant of CO adsorbed on Pd(lOO) and Ni(lOO) are lower compared to the corresponding values for molecular co.
Our XPS results in fig. 8 fig. 4 indicate that layers in excess of the first monolayer are metastable, with substantial alteration of the mo~holo~ of these layers occurring at temperatures above 850 K. Previous studies using AES [lo] show that these changes initiate at temperatures near 700 K. The discrepancy between the previous AES results and the XPS results presented here may arise due to diffraction of the exiting electrons produced in each measurement [51] and to the fact that the analyzer takeoff angle for the present results was necessarily significantly different from that used for the AES measurements.
The decrease in the Pd/W XPS intensity ratio observed in fig. 4 may be a consequence of: (1) diffusion of the Pd into the bulk (alloy formation); and/or (2) the formation of 3D islands of Pd (cluster crystalhtes) that leave a large fraction of the first Pd monolayer exposed. The very small miscibility of Pd in W [46] suggests that the latter is more likely responsible.
The results in section 3.2 show that the properties of one monolayer of Ni on W(110) do not change upon annealing to 1100 IS. A similar result has been obtained previously using AES [7, 9] and work function measurements [7] . These previous studies [7, 9] showed that annealing Ni films with coverages larger than 1.3 ML to 1200 K produces 3D islands (cluster crystallites). The data in fig. 5 indicate that 3D island formation occurs even at temperatures as low as 600 K.
Conclusions
(1) The XPS data show that the atoms in a monolayer of Pd or Ni supported on W(110) are electronically perturbed with respect to the surface atoms of Pd(lO0) and Ni(100). The magnitude of the electronic perturbation is larger for Pd than for Ni.
(2) A correlation exists between the shifts in the Ni and Pd XPS binding energies and the variations in the desorption temperature of CO from the adlayers.
(3) The shifts in XPS binding energies and CO desorption temperatures can be explained in terms 
